Cell-free extracts of various cytochrome-containing, heterotrophic microorganisms were examined for ability to convert coproporphyrinogen to protoporphyrin. Extracts of Escherichia coli and Pseudomonas denitificans readily accumulated large amounts of protoporphyrin when assayed under aerobic conditions. However, protoporphyrin did not accumulate under either aerobic or anaerobic conditions of assay or in the presence of various supplements in extracts of the aerobe Micrococcus lysodeikticus, the facultative anaerobe Staphylococcus aureus, or the anaerobe Vibrio succinogenes. Protoporphyrin also accumulated when extracts of E. coli and P. denitrificans were incubated aerobically with the early heme precursor, 6-amino levulinic acid (ALA). This protoporphyrin accumulation was markedly stimulated by the iron chelator, o-phenanthroline. Extracts of S. aureus and M. lysodeikticus accumulated coproporphyrin, but not protoporphyrin when incubated with ALA. The enzyme system in extracts of E. coli which converts coproporphyrinogen to protoporphyrin under aerobic conditions of assay was also partially characterized. This conversion was stimulated by the iron chelator, o-phenanthroline, the respiratory inhibitor, cyanide, and the reducing agent, thioglycolate. Dialysis of the extract did not diminish enzyme activity. Certain alternate electron acceptors and nitrite caused a marked inhibition of the conversion. These results indicate that this late step in heme synthesis, the conversion of coproporphyrinogen to protoporphyrin, can be readily demonstrated in extracts of some, but not all, cytochromecontaining bacteria and that the aerobic conversion in E. coli exhibits many characteristics similar to those demonstrated for the aerobic conversion previously studied in liver mitochondria.
The nature of the final step in microbial porphyrin biosynthesis, namely, the oxidative conversion of coproporphyrinogen III to protoporphyrin IX, has not been elucidated. Clarification of the mechanism of this step in heme and chlorophyll synthesis is of particular interest since it may explain oxygen requirements for microbial growth and cytochrome biosynthesis. In liver mitochondria, the molecular oxygen required for this conversion cannot be replaced by alternate electron acceptors, suggesting the possibility of an oxygenase type of reaction (1, 14, 18, 19) . However, a similar mechanism for this oxidative conversion in all members of the microbial world seems unlikely, because certain heterotrophic and all photosynthetic bacteria can synthesize cytochromes or bacteriochlorophylls during growth under anaerobic conditions. For instance, among the heterotrophic bacteria, Escherichia coli, Pseudomonas denitrificans, and Micrococcus denitrificans can synthesize cytochromes when grown either aerobically or anaerobically (5, 12, 16, 21) . The sulfate-reducing obligate anaerobe Desulfovibrio desulfuricans also contains a cytochrome (17) . On the other hand, certain other facultative anaerobes, in the genera Staphylococcus and Bacillus, exhibit a markedly diminished heme content and accumulate large quantities of coproporphyrin when grown under anaerobic rather than aerobic conditions (3, 6, 8, 9, 15) . Goldfine and Bloch (4) , in a discussion of the role of oxygen in this biosynthetic step, have suggested that the dilemma might be resolved if there existed two different mechanisms for forming the vinyl side chain of protoporphyrin analogous to the anaerobic versus aerobic mechanism for synthesis of monounsaturated fatty acids. 203 on January 18, 2018 by guest http://jb.asm.org/
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Recently, several studies demonstrating the conversion of coproporphyrinogen to protoporphyrin in unpurified extracts of bacteria have appeared. Ehteshamuddin (2) briefly reported that soluble extracts from an aerobically grown species of Pseudomonas could convert coproporphyrinogen to protoporphyrin under both aerobic and anaerobic conditions of assay. In this extract, demonstration of the conversion under anaerobic conditions was not dependent on the addition of exogenous electron acceptors or other supplements. In contrast, Mori and Sano (13) , utilizing extracts of the obligately anaerobic, photosynthetic bacterium Chromatium, unexpectedly found that this conversion required oxygen. Several alternative electron acceptors could not replace the oxygen requirement (13) . Very recently, Tait (22) showed that extracts of the photosynthetic bacterium Rhodopseudomonas spheroides were capable of carrying out this conversion in the absence of oxygen only if extracts containing both particulate and soluble components were supplemented with adenosine triphosphate (ATP), methionine or S-adenosyl methionine, and MgSO4. Tait (23) has also reported a nicotinamide nucleotide requirement for the anaerobic, but not the aerobic reaction in Rhodopseudomonas.
In our recent studies on this problem (10), we demonstrated the enzyme system capable of converting coproporphyrinogen to protoporphyrin in the soluble fraction of extracts of Pseudomonas fluorescens grown aerobically, of P. denitrifcans grown anaerobically under denitrifying conditions, and of E. coli grown both aerobically and anaerobically. In each of these organisms, the conversion exhibited a requirement for molecular oxygen, since protoporphyrin accumulation by each extract occurred only if the assay was conducted aerobically. Attempts to replace this oxygen requirement with several alternate electron acceptors were not successful. The conversion of coproporphyrinogen to protoporphyrin could not be demonstrated under any conditions in extracts of the heme-containing organisms Staphylococcus epidermidis and Bacillus subtilis.
Thus, several questions about this important biosynthetic reaction in cytochrome-containing bacteria remain unanswered. The nature of this reaction in heterotrophic bacteria may be different from that in photosynthetic bacteria, since the main function of the reaction in photosynthetic bacteria is to produce bacteriochlorophyll. In the present study, we have examined extracts from several additional species of aerobic, facultative, and anaerobic heterotrophs for ability to carry out this conversion under a variety of conditions. If the mechanism of heme synthesis is similar in all cells, this reaction should be demonstrable in all heme-containing bacteria. In addition, we also partially characterized the enzyme system in E. coli, which converts coproporphyrinogen to protoporphyrin under aerobic conditions of assay.
MATERIALS AND METHODS
S. aureus (a coagulase-positive strain from the Dartmouth collection) was grown aerobically for 12 hr as described previously (7), except that the medium contained 0.2% glucose. Cells from 3 liters of medium were collected by ceTrtrifugation (0 C), washed with 0.05 M tris(hydroxymethyl)amino methane (Tris) buffer (pH 8.0), suspended in 25 ml of this buffer in I mM ,B-mercaptoethanol, and disrupted by intermittent sonic oscillation as previously described (10) . Cell debris was removed by centrifugation at 20,000 x g for 15 min.
Micrococcus lysodeikticus ATCC 4698 was grown aerobically as previously described (10) at 31 C for 19 hr. Cells from 6 liters of medium were collected and suspended as described above, and disrupted by intermittent sonic oscillation for 10 min. Cell debris was removed by centrifugation at 25,000 x g for 10 min.
Vibrio succinogenes was grown anaerobically as previously described (11) for 14 hr. Cells from 8 liters of medium were collected by centrifugation, washed, and suspended in 10 ml of 0.01% 3-mercaptoethanol. The suspension was disrupted (10) , and the cell debris was removed by centrifugation at 8,000 x g for 25 min.
P. denitrificans was grown anaerobically with nitrate as electron acceptor (10) ; the cell suspension, in 0.05 M Tris (pH 8.8) and I mM f-mercaptoethanol, was disrupted as described previously (10) . Cell debris was removed by centrifugation at 25,000 x g for 7 min.
Extracts of E. coli were prepared from anaerobically grown cells as described above for P. denitrificans, or from aerobically grown cells as described previously (10) .
The assay for the conversion of coproporphyrinogen to protoporphyrin under both aerobic and anaerobic conditions and the analysis for porphyrin content have been described (10) . The ability of extracts to convert 3-amino levulinic acid (ALA) to porphyrin was determined by identical methods of incubation and porphyrin analysis.
RESULTS
Accumulation of protoporphynn from coproporphyrinogen by extracts of a variety of beterotrophic bacteria. We previously found that extracts from two species of Pseudomonas and a strain of E. coli could convert coproporphyrinogen to protoporphyrin under aerobic conditions of assay, whereas extracts from S. epidermidis and B. subtilis did not accumulate protoporphyrin from coproporphyrinogen under any conditions. To extend these observations to a wider variety of heterotrophic bacteria, we surveyed extracts from the facultative anaerobe, S. aureus, the obligate aerobe, M. lysodeikticus, and the MICROBIAL HEME SYNTHESIS obligate anaerobe V. succinogenes. None of these extracts accumulated protoporphyrin when incubated with coproporphyrinogen (Table 1 (24) suggested that iron caused the disappearance of coproporphyrinogen by forming the iron chelate of coproporphyrin, coproheme.
To determine whether extracts of M. lysodeikticus and S. aureus might contain factors inhibi- Table I and again suggests that the latter two organisms are incapable of accumulating protoporphyrin from coproporphyrinogen, even when coproporphyrinogen is generated endogenously using ALA as a precursor.
Partial characterization of the enzyme system from E. coli converting coproporphyrinogen to protoporphyrin. It seemed worthwhile to learn more about this enzymatic conversion in extracts of E. coli, in an attempt to understand why the conversion was not demonstrable in some other heme-containing bacteria. The stimulatory effect of the respiratory inhibitor, cyanide, and the iron chelator, o-phenanthroline, on the accumulation of protoporphyrin in crude extracts of anaerobically grown E. coli is indicated in Table 3 . We also determined some additional characteristics of an enzyme preparation from which the particle fraction had been removed by centrifugation at 90,000 x g. Our previous study indicated that activity was localized in this supernatant fraction (7) . Preliminary studies showed that the activity of this fraction is linear with time up to a period of 3 hr, and is linear with amount of enzyme in the range of 6 to 21 mg of extract protein in a 2- ml reaction mixture. As indicated in Table 4 , the activity of this fraction is markedly stimulated by thioglycolate, which is also stimulatory to the enzyme catalyzing this conversion in liver mitochondria (19) . o-Phenanthroline does not stimulate the enzyme system from E. coli when thioglycolate is also present (Table 4) . However, this system is stimulated by o-phenanthroline when assayed in the absence of thioglycolate (Table 4) . The activity of the enzyme system when assayed in the presence of thioglycolate is not diminished by extensive dialysis (Table 4) 1 nmoles) ; cell-free extract of anaerobically grown E. coli, prepared by centrifugation at 25,000 x g for 7 min (43.7 mg of protein); in a total volume of 2.0 ml. porphyrinogen to coproporphyrjn (14, 20 (19) , photosynthetic bacteria (22) , or E. coli (Table 4) . Although we have not examined all possible modifications of the assay procedure, and it is unwise to draw conclusions from negative results, these findings suggest that the reaction is quite different in the pseudomonads and E. coli than in the other bacteria tested. Perhaps the mechanism of the reaction or the level of the enzyme system differs. Our observation that extracts of M. lysodeikticus and S. aureus cause an inhibition of the aerobic accumulation of protoporphyrin by extracts of E. coli suggests that the inability to demonstrate the conversion in extracts of some bacteria may be caused by inhibitory factors. However, further studies will be required to resolve these questions. Other investigators have demonstrated this conversion in another strain of Pseudomonas (2), the photosynthetic bacterium Chromatium (13) , and the photosynthetic bacterium R. spheroides (22) .
A difference in the ability of various organisms to carry out this conversion was also evident from experiments utilizing the earlier heme precursor, ALA. Extracts of E. coli and P. denitriftcans accumulated both coproporphyrin and protoporphyrin from ALA. Protoporphyrin accumulation was markedly stimulated by addition of the iron-chelating agent, o-phenanthroline. However, extracts of S. aureus and M. lysodeikticus accumulated coproporphyrin, but not protoporphyrin, from ALA. Addition of o-phenanthroline did not cause protoporphyrin to accumulate in these extracts.
Some characteristics of the enzymatic conversion of coproporphyrinogen to protoporpbyrin in extracts of E. coli. In crude extracts of E. coli, the aerobic conversion is stimulated by o-phenanthroline, cyanide, and thioglycolate. Stimulation of the aerobic conversion by o-phenanthroline and cyanide has also been reported for crude extracts of the photosynthetic bacterium R. spheroides (22) . Although further work with purified enzyme preparations will be needed to explain the reasons for these stimulations, it seems appropriate to comment on these findings. o-Phenanthroline presumably stimulates by virtue of its ability to chelate iron. Iron-chelating agents may stimulate protoporphyrin accumulation since iron may be involved either in the removal of the product, protoporphyrin, by conversion to heme, or in the removal of the substrate, coproporphyrinogen, by conversion to coproheme (24) . There has been some suggestion that, in some cells, the enzyme system causing the conversion of coproporphyrinogen to protoporphyrin may require iron (12, 19) . For instance, the enzyme from liver mitochondria is appreciably inhibited by o-phenanthroline. However, our observation that o-phenanthroline stimulates protoporphyrin accumulation in E. coli suggests that iron is not a requirement for the aerobic enzyme system in this organism. The lack of inhibition by the respiratory inhibitor cyanide suggests that the cytochrome-mediated electron transport system of E. coli is not involved in the conversion. The mammalian electron transport system is also not required for the conversion in liver mitochondria (1, 14, 19) . The ability of cyanide to stimulate activity may be caused by the increased availability of oxygen, due to the inhibition of cytochrome-mediated respiration. However, cyanide may also stimulate because of its chelating ability. In liver mitochondria, stimulation of the conversion by thioglycolate was attributed mainly to stabilization of the substrate, coproporphyrinogen. No readily dialyzable cofactors were demonstratable for the aerobic enzyme in E. coli (Table 4) as is also the case for the enzyme from liver mitochondria (1, 14, 19) .
Although further studies are needed, all of these data are compatible with the conclusion that the enzyme system responsible for the aerobic conversion in E. coli exhibits many of the characteristics of the enzyme found in mammalian mitochondria. Tait has recently drawn a similar conclusion for the aerobic reaction demonstrable in soluble extracts of R. spheroides, although a much more complex reaction requiring cofactors and inhibited by o-phenanthroline occurs under anaerobic conditions in extracts of this photosynthetic bacterium (22) .
The significance of our observation that some
